Combining ability and nature of gene interaction that contribute to seed yield and its attributing traits in Indian mustard were investigated using 60 hybrids developed by crossing three females (lines) with twenty males (testers) in a Line x Tester mating system. The results revealed that GCA and SCA ratio (σ 2 GCA/σ 2 SCA) was less than unity for all the traits except for days to 50 % flowering. This indicated that non-additive components played relatively greater role in the inheritance of all the traits except days to 50 % flowering for which greater role of additive components was found. The estimate of GCA effects indicated that the parents GM-2, NRCM-120, PAB-9511 and IC-261670 were identified as good general combiners indicating their ability in transmitting additive genes in the desirable direction to their progenies. The hybrids viz., GM-2 x PYM-7 (10.81), GM-3 x NUDH-45-1 (10.70) and GM-3 x PAB-9511 (8.36) were found to be the best specific crosses for seed yield per plant. Among these hybrids, GM-2 x PTM-7 was also recorded significant sca effects in desired direction for number of primary branches per plant, number of secondary branches per plant and number of siliquae per plant, while GM-3 x NUDH-45-1 also exhibited significant sca effects for number of primary branches per plant, number of secondary branches per plant, number of siliquae per plant, siliquae length and oil content. Therefore, these hybrids can be further exploited for selection of transgressive segregants.
Introduction
Indian mustard is an important rabi season oilseed crop in India and occupies a premier position among the oilseed crops. It is popularly known as rai, raya or laha in India. Among the major oilseed producing countries India contributes about 7% at the global level. India, with an area of 7.20 million hectares, 7.88 million metric tonnes production and 1094 kg/ha productivity, ranks second in area and third in production in rapeseed-mustard scenario of the world in 2014-2015 (Anonymous, 2015) . To fulfill requirement of ever-increasing population of India, there is a dire need of improving genotypes for better seed yield potential per unit area basis. This could be achieved by exploring the maximum genetic potential from the available germplasm of Indian mustard. Breeders should concentrate on development of productive mustard varieties by crossing good general combining lines for seed yield and selecting transgressive segregants from the resulting hybrids.
The success of any breeding programme largely depends upon the choice of parents and the breeding procedure adopted. Combining ability analysis was carried out in the present investigation to obtain useful information for selection of better parents and crosses for their future use in breeding program. In addition to this, information regarding nature and magnitude of gene action could also be obtained, which is useful in deciding breeding methodology aiming to exploit fixable (additive) and non-fixable (nonadditive) genetic variances.
Materials and methods
The experimental material comprised of three females, twenty male parents (Table 1 ) and their 60 F 1 S developed by crossing three females (lines) with twenty males (testers) in a Line x Tester mating system. The seeds of 60 F 1 hybrids and 23 parents were produced by hand emasculation-hand pollination and selfing, respectively during rabi 2013-14. These 60 F 1 hybrids along with 23 parents were evaluated in randomized block design with three replications during rabi 2014-15 at Anand Agricultural University, Anand. This site located at 220 35' North Latitude and 720 55' East longitude at an elevation of 45.1 m above mean sea level. Inter and intra row spacing was kept 40 and 15 cm, respectively. All the recommended package of practices was adopted to raise a good crop.
For recording observations, 5 competitive plants were randomly selected and tagged from each treatment in each replication and the mean value per plant was computed for various yield and its attributing traits viz., plant height (cm), number of primary branches, number of secondary branches, effective length of main branch (cm), number of siliquae on main spike, number of siliquae per plant, siliqua length (cm), number of seeds per siliqua, seed yield per plant (g), thousand seed weight (g), oil content (%) and protein content (%). The phenological characters viz., days to flowering and days to maturity were recorded on 227 DOI: 10.5958/0975-928X.2017.00032.1 plot basis. Analysis of variance and estimation of combining ability effects were made as per Kempthorne (1957) .
Results and discussion
The analysis of variance for combining ability for different characters has been presented in Table 2 . The variation present in the hybrids was partitioned into portions attributable to females, males and female x male and error component. A comparison of variances due to females and males indicated that females showed higher magnitude of variability for days to 50 % flowering, days to maturity, plant height, no. of primary branches per plant, length of main branch, no. of siliquae on main branch, no. of siliquae per plant, length of siliquae, no. of seeds per siliquae and seed yield per plant. This indicated that the contribution of females for these traits towards GCA was greater. Male showed higher magnitude of variability for no. of secondary branches per plant, 1000 seed weight, oil content and protein content. This indicated that the contribution of male for these traits towards GCA was greater.
The magnitude of GCA and SCA variances revealed that the SCA variances were higher than their respective GCA variances for all the characters except for days to 50% flowering. The GCA and SCA ratio (σ 2 GCA/σ 2 SCA) was less than unity for all the traits except for days to 50% flowering. This suggested relatively greater role of non-additive genetic variance in the inheritance of all the traits except days to 50 % flowering for which greater role of additive gene effect was found.
A perusal of mean values of different parents and their cross combinations for various traits (Table 3) revealed that most of the hybrids were found superior than male parent but less number of hybrids found superior than female parent with respect to seed yield and various component characters. Among parents, GM-3 (28.37 g), GM-2 (26.07 g), NPJ-95 (25.79 g) and PBR-357 (23.61 g) exhibited higher per se performance for seed yield per plant and their contributing traits. Male parents viz., RH-8813 (35.01%), B-351 (34.56%) and NUDH-45-1 (34.47%) exhibited high oil content. Parents desirable for earliness were GM-1, NPJ-90 and NPJ-95.Among the hybrids GM-2 x PYM-7 exhibited maximum seed yield per plant (34.52 g) followed by GM-3 x PAB-9511 (34.44 g) and GM-3 x NUDH-45-1 (31.91 g).
High gca effects are related to additive gene effects or additive × additive effects (Griffing, 1956) , which represent the fixable genetic component of variance. It may therefore, be suggested that the parents with high gca effects may be extensively used in hybridization programme for the improvement of particular traits. General combining ability effects of the parents (Table 4) revealed that none of the parents was found to be good general combiner for all the characters. An overall appraisal of GCA effects revealed that parents GM-2, NRCM-120, PAB-9511 and IC-261670 were good general combiners for seed yield per plant and some of its components. The line GM-2 was found to be a good general combiner for seed yield and all the yield attributing characters except length of main branch, no. of siliquae on main branch and 1000 seed weight. Among the male parents, NRCM-120 was a good general combiner for seed yield per plant, days to 50% flowering, days to maturity, plant height, number of secondary branches per plant, no. of siliquae per plant and no. of seeds per siliquae, which may be utilized in crossing programme to generate the genetic variability for effective selection to develop high yielding varieties as well as earliness in Indian mustard. While the male parents PAB-9511 and IC-261670 was a good general combiner for seed yield per plant, number of primary branches per plant, number of secondary branches per plant and no. of siliquae per plant. For quality components, lines GM-2 and GM-1 as well as GM-3 were found to be good general combiners for oil content and protein content, respectively. While male parents RH-8813, SKM-9588 and DIR 747 were found to be good general combiners for oil content and protein content
The parents NRCM-120, PAB-9511 and IC-261670 were good general combiner for seed yield and some of its components, but their per se performance was poor. While, GM-3, PBR-357 and RSK-29 were average to poor general combiner for most of the characters, even though their per se performance was good.
Therefore, parents GM-2, NRCM-120, PAB-9511 and IC-261670 can be considered as a good source of favorable genes for increasing seed yield along with other yield attributes. It is evident from these results that high gca effects for seed yield per plant in these parents were mainly due to important yield contributing characters mentioned above. Therefore, it would be worthwhile to use the above parental lines (GM-2, NRCM-120, PAB-9511 and IC-261670) in the hybridization programme for improvement of Indian mustard.
The SCA is the deviation from the performance predicted on the basis of general combining ability (Allard, 1960) . Normally SCA effects would not contribute appreciably in the improvement of selfpollinated crops except where exploitation of heterosis is feasible. However, in the production of homozygous lines, breeder's interest usually rests upon transgressive segregation shown by the crosses. The estimates of specific combining ability effects revealed that as many as twenty 228 DOI: 10.5958/0975-928X.2017.00032.1 cross combinations exhibited significant and positive sca effects for seed yield per plant. The maximum significant positive sca effect was exhibited by hybrid GM-2 x PYM-7 (10.81) followed by GM-3 x NUDH-45-1 (10.70) and GM-3 x PAB-9511 (8.36) and thus were good hybrid combinations, contributing towards higher seed yield (Table 5) . The cross combination GM-2 x PTM-7 (Good x Good) also recorded significant sca effects in desired direction for number of primary branches per plant, number of secondary branches per plant and number of siliquae per plant. The cross GM-3 x NUDH-45-1 (Average x Good) exhibited significant sca effects for seed yield per plant as well as number of primary branches per plant, number of secondary branches per plant, number of siliquae per plant, siliquae length and oil content. While the cross GM-3 x PAB-9511 (Average x Good) exhibited significant sca effects for seed yield per plant, days to 50 % flowering, days to maturity, number of secondary branches per plant, no. of siliquae per plant, length of siliquae, no. of seeds per siliquae and protein content. In the present study, top three crosses which exhibited high sca effects for yield per plant involved at least one good general combiner, indicating additive x dominance type of gene interaction, which could produce desirable transgressive segregants in subsequent generations. Therefore, these three hybrids can be further exploited for selection of transgressive segregants.
The GCA and SCA ratio (σ 2 GCA/ σ 2 SCA) was less than unity for all the traits except for days to 50% flowering. This indicated that non-additive components played relatively greater role in the inheritance of all the traits except days to 50 % flowering for which greater role of additive components was found. Therefore, mass selection or pedigree selection might be fruitful in early segregating generations for the improvement of the traits controlled by additive genes action. While selection must be delayed to late segregating generations (F 6 ) as in bulk if necessary for the improvement of the traits controlled by nonadditive genes action. The results are in conformity with those obtained earlier by Patel et al. (2005) Macwana (2008), Singh et al. (2010) , Nasrin et al. (2011 ), Yadava et al. (2012 , Kumar et al. (2013) , Saeed et al. (2013) , Dholu et al. (2014) and Niranjana et al. (2014 
